Bisphenol A (BPA) is an endocrine-disrupting compound used to manufacture plastics; it is present in linings of food cans, bottles, thermal receipts, and many other everyday items and is detectable in human urine and blood. Exposure to BPA during development can disrupt sexual differentiation of some brain regions. Moreover, BPA can have transgenerational effects on gene expression and behaviors. Here, we used a diet and breeding regimen that produces transgenerational effects on behaviors. C57BL/6J mice consumed control or BPA-containing diets during pregnancy. We examined vasopressin (AVP) and estrogen receptor a (ERa) immunoreactivity (ir) in sexually dimorphic brain regions from first-generation (F1) offspring and transgenerational effects of BPA in third-generation offspring. In all but one brain region examined, the expected sex differences were noted in both generations of control mice. In F1 mice, a diet by sex interaction was present for AVP-ir in the lateral septum and posterodorsal medial amygdala. In both regions, BPA exposure reduced immunoreactivity in male brains. An interaction between diet and sex for ERa-ir in the ventromedial hypothalamus was caused by reduced immunoreactivity in BPA-exposed females. Of interest, BPA had transgenerational effects on ERa-ir in the anteroventral periventricular nucleus and bed nucleus of the stria terminalis. Our data show that BPA produces immunoreactive differences in ERa-ir generations after exposure to BPA. We speculate that actions of BPA in utero on ERa-ir in brain have longterm consequences for reproduction and social behavior. (Endocrinology 158: 21-30, 2017) 
B
isphenol A (BPA) is a man-made endocrine-disrupting compound present in a variety of plastic products, including the linings of canned foods, thermal receipts, and some plastic bottles (1, 2) . The National Health and Nutrition Examination Survey conducted in 2008 found that over 92% of the participants had detectable levels of BPA or its metabolites in their urine (3) . BPA has complex actions on multiple target tissues, including the brain (4, 5) , where it can bind to a variety of steroid hormone receptors (6, 7) and also influence expression of some of the enzymes in the steroidogenesis pathway (8) . In this manner, BPA can disrupt sexual differentiation of neural circuits and behaviors (9) .
Several studies have examined gestational and/or neonatal exposures to BPA and, in general, have found that exposure nullifies neural sex differences, as both sexes experiencing BPA tend to be less dimorphic than controls (10) . One neurotransmitter that is disturbed by exposure to BPA is vasopressin (AVP) (11, 12) . Estrogen receptor a (Esr1) messenger RNA (mRNA) in the rat hypothalamus is likewise changed by neonatal exposure to BPA (13) . In a previous study from our laboratory, we noted that BPA exposure reduced the amount of both Avp and Esr1 mRNA in whole embryo brains (14) . Moreover when F1 mice were bred to produce F3 lineages, without additional exposure to BPA, we found that the reduction in Avp mRNA persisted.
Here, we quantified AVP and ERa with immunocytochemistry (ICC) in several sexually dimorphic regions, which are part of the "social behavior network." For AVP, we examined the posterodorsal medial amygdala (MePD), which contains AVP-synthesizing cells, the bed nucleus of the stria terminalis (BNST) that contains primarily AVP-containing fibers and the lateral septum (LS), which contains AVP projections from the aforementioned area (15, 16) . As a control, we also examined AVP-ir in the paraventricular nucleus (PVN), an area that is not sexually dimorphic. Estrogen receptor a immunoreactive cells were measured in sexually dimorphic regions where BPA effects have been reported (17, 18) ; the anteroventral periventricular nucleus (AVPV), the BNST, MePD, and the ventromedial hypothalamus (VMH). Our main hypothesis was that sex differences would be lost in BPA-exposed F1 brains. We anticipated that some of these effects might be retained in F3 brains.
Materials and Methods

Animals and tissue collection
C57BL/6J mice were purchased from Jackson Laboratories (Bar Harbor, ME) and housed at the University of Virginia. All procedures used were in compliance with and approved by the University of Virginia Animal Use and Care Committees. Mice were maintained on a 12:12 light:dark cycle. Females were randomly assigned to a control phytoestrogen-free diet (Harlan Teklad TD95092, Madison, WI) or the diet made to order with 5 mg BPA added to each kilogram of diet (Harlan Teklad TD09386). We have used this dose in diet previously and have not noted any health effects in dams or pups (unpublished data). The concentrations of BPA produced in dam serum is equivalent to those found in humans (19) . Female mice were placed on their assigned diets 7 to 10 days before pairing with a male. After 1 week, males were removed and females continued consuming their assigned diets ad libitum. Within 12 hours after birth, the pups from control and BPA fed dams were fostered to dams on control diet that had given birth within the previous 24 hours. At weaning, the F1 mice we used for breeding were switched to a phytoestrogen-containing chow (Harlan Teklad diet number 7912). This was done purely for financial reasons, as maintaining the mice for 3 generations on custom diet was prohibitively costly. Adult F1 offspring were paired, and their offspring (F2) were also bred, to produce third-generation (F3) lineages. In the exposure paradigm we used (during gestation), the first truly transgenerational offspring are the F3 because the germ cells that produce the F2 generation were exposed to BPA during the F1 gestation. For this reason, we only assessed F1 and F3 adults.
Adult F1 and F3 mice (about 90 days) were anesthetized (with Euthasol), and trunk blood was collected, centrifuged, and serum frozen. Brains were removed, fixed by immersion in 2% acrolein, stored in 30% sucrose for 1 to 2 days at 4°C, and then frozen and stored at -80°C until sectioning. The total number of brains used for each group was as follows: F1 generation: control male, n = 5; control female, n = 5; BPA male, n = 5; BPA female, n = 5, and F3 generation: control male, n = 11; control female, n = 12; BPA male, n = 11; BPA female, n = 12. No more than 2 pups were used from the same litter.
Immunocytochemistry
Fixed frozen brains were sectioned into a series of 3 30-mm coronal sections on a cryostat. Sections were stored in antifreeze [tris(hydroxymethyl)aminomethane-buffered saline, sucrose, polyvinylpyrrolidone-40, and ethylene glycol] at -20°C until they were processed for ICC. One vial was used for AVP, another vial for ERa, and the third for practice.
Both primary antibodies were rabbit polyclonals (anti-AVP, 1:5,000, DiaSorin; anti-ERa; 1:5,000, C1355, Upstate; Table 1 ). We have previously published our procedures for ICC (20) . In brief, tissues were rinsed, made permeable, and incubated overnight in a primary antibody with blockers for nonspecific proteins. The tissue was rinsed and incubated in biotinylated secondary goat anti-rabbit serum (1:500, Vector Laboratories, Burlington, CA) for 75 minutes. Antigens were detected using the avidin-biotin complex ABC detection system (1:1,000, Vector Elite Kit, Vector Laboratories) coupled with nickel-intensified 3,3 0 -diaminobenzidine activated by 0.1% hydrogen peroxide. All tissues were developed in 3,3 0 -diaminobenzidine for the same length of time.
Image analysis
Tissue was mounted on gel-coated glass slides and coded to ensure the operator was blind to the diet and sex of the subject. Microscopic images were visualized with a BX60 microscope and captured using a charge-coupled device video camera (Photometric, Tucson, AZ) linked to a computer. For regions other than the PVN, the single section exhibiting the best match to the area of interest was quantified. We identified regions according to the Paxinos and Franklin mouse brain atlas (21) and the Allen Mouse Brain Atlas (http://mouse.brain-map.org). For each region, a standardized area of the same size and shape was used for measurements in all brains. Cell counts and grayscale images were quantified using MetaMorph software (version 4.5; Molecular Devices, West Chester, PA). We report cell counts for ERa-immunoreactivity (ir) as the antigen is contained in the cell nuclei that are largely nonoverlapping. On the other hand, AVP-ir fills cell bodies and fibers. Because the immunoreactivity is largely overlapping and contiguous, and we cannot use confocal microscopy with nonfluorescent sections, we are reporting area covered here and not distinguishing between cells and fibers.
The total area containing AVP immunoreactive staining was quantified in four regions. The regions examined were the LS, a region that only contains immunoreactive fibers and the BNST and MePD, both of which contain primarily fibers, with a few AVP immunoreactive cells. We also quantified the PVN, an area that has a dense population of cells and fibers. Assessment of AVP-ir in the PVN was limited to brains for which we had all PVN sections. Because we had small groups of F1 brains, the analysis was restricted to F3 samples. We quantified the size of the immunoreactive region on each section and expressed the data as an average (adjusted by numbers of sections). Areas in which ERa immunoreactive cells were counted were the BNST, the MePD, the AVPV, and the VMH.
Hormone assays
Serum from a subset of the original F3 mice used for ICC plus additional mice raised, treated, and euthanized in an identical manner were assayed. Only females were used for estradiol determination (enzyme-linked immunosorbent assay from Calbiotech; controls, n = 14; BPA, n = 12). The sensitivity of the estradiol assay was 3.0 pg/mL, and the intraassay coefficient of variation was 11.4% 6 3.1% [mean 6 standard error of the mean (SEM)]. The interassay coefficient of variation was 9.68% 6 11.14%. Samples from F3 males (controls, n = 13; BPA, n = 10) were assayed for testosterone (enzyme-linked immunosorbent assay from IBL). For the testosterone assay, the level of sensitivity was 0.1 ng/mL and the intraassay coefficient of variation was 9.3% 6 1.6% (mean 6 SEM). All samples were assayed in duplicate by the University of Virginia Ligand Assay Core (grant number P50-HD28934).
Statistical analysis
All data were analyzed using 2-way analysis of variances with sex and diet as the independent factors. All post hoc tests were performed with Bonferroni planned comparisons, which correct for multiple comparisons. ICC for F1 versus F3 mice was conducted in 2 separate runs. We did not perform a direct comparison between the F1 and F3 brains because the mice were consuming different diets throughout their lives, and the tissue sections were developed at different times. Previous work has shown that diet (particularly those with different amounts of phytoestrogens) has an impact on estradiol-induced progestin receptorcell numbers in mouse brain and thus may have influenced these results (22) . The hormone data were analyzed with Bonferroni multiple t tests.
Results
AVP-ir in F1 brains
In F1 brains, significant main effects of sex on AVP-ir were noted. The area covered by AVP-ir in the LS and MePD was greater in male than in female brains [LS, F (1,19) = 64.1; MePD, F (1,18) = 195.3, P , 0.001; Figs. 1 and 2] . Gestational exposure to BPA affected AVP-ir in the MePD [F (1,18) = 16.6, P , 0.001], and BPA-exposed brains were less densely immunoreactive than the control brains. In both areas, an interaction between sex and diet was noted [MePD, F (1,18) = 13.8; LS, F (1,19) = 6.8, P , 0.02 at least; Figs. 1 and 2] . The interaction was press.endocrine.org/journal/endothe result of decreased immunoreactive areas in BPAexposed males as compared with control males (P , 0.05; Fig. 2 
ERa-ir in F1 brains
As expected, immunoreactive ERa cell numbers in all regions quantified were greater in female than male brains [AVPV, F (1,14
AVP-ir in F3
The predicted sex differences were present in F3 brains. 
ERa-ir in F3 brains
Main effects of sex were noted in the F3 ERa cell counts for all regions examined. As expected, female brains had more ERa cells than male brains [AVPV, F 
No effects of BPA lineage on steroid hormones in F3 mice
In F3 mice, diet lineages had no significant effects on levels of estradiol in females (control = 6.73 6 4.9 pg/mL; BPA = 6.92 6 4.4 pg/mL; mean 6 SEM) or testosterone in males (control = 1.22 6 0.4 ng/mL; BPA = 2.00 6 0.9 ng/mL; mean 6 SEM). ) quantified in (A) the LS, (B) the BNST, and (C) the MePD. Mice were exposed to BPA (dark-gray histograms) or not (controls, light-gray histograms) during gestation. An asterisk signifies significant sex differences; males had more immunoreactivity than females (P , 0.001). A pound sign signifies significant interaction between diet and sex; BPA-exposed males had less AVP-ir than control males (P , 0.02). n = 5 per group, except for the MePD, in which n = 4 for control males.
Discussion
The most interesting finding from this study is that gestational BPA exposure produced transgenerational (F3) changes in ERa immunoreactive cell numbers in two brain regions. In all areas and both generations, we found the predicted sex difference in control mice; males had fewer ERa immunoreactive cells than did females. Diet effects were present in the VMH in F1 females, and BPA exposure in utero reduced ERa cell counts. Two other regions showed diet effects in F3 female brains. In the BNST, ERa cell numbers were reduced in females from the BPA lineage compared with control females. In the AVPV, the difference was in the opposite direction; BPA lineage females had more ERa cells than controls. The fact that the diet effects were in the opposite directions in these two areas suggests cell-specific interactions whereby other factors (coactivators or corepressors, for example) change the responses of ERa. Moreover, as estradiol levels were equivalent in F3 females, ERa-ir differences are not a reflection of peripheral hormone levels. press.endocrine.org/journal/endo
One potential mechanism suggested for these transgenerational effects is via BPA actions on germ cell DNA methylation (23) . Our findings may be due to germ cell hypo-or hypermethylation of Esr1 in combination with the microenvironment in AVPV and BNST. Differences in DNA methylation of Ers1 have been reported in F1 mouse brain (24) but not yet in F3 brain. Our findings might be related to decreased fecundity, including a higher failure to maintain pregnancies, reported in F3 BPA lineage female mice (25) . In addition, Esr1 mRNA was decreased in ovaries of F3 females from a BPA exposure lineage compared with controls, although there was no diet effect in F1 material (26) .
Our data replicate sex differences found by others in adult rat, vole, and mouse brain for the expression of two different proteins, AVP and ERa (27) (28) (29) . In adult F1 mice directly exposed to BPA during gestation, we observed disruptions in normal sexual differentiation of AVP expression in the LS and the MePD. F1 male mice exposed to BPA in utero had reduced AVP-ir area compared with control males and had similar immunoreactivity to female mice. Because this cell/fiber population is masculinized by early exposure to estrogens and androgens (20, 30) , BPA had a demasculinizing action when given during gestation. In voles exposed post partum to a higher dose of BPA than the one used here, an increase in numbers of AVP immunoreactive neurons was noted in the anterior part of the PVN (12) . The PVN did not prove to be sexually dimorphic in our study. However, we did find a diet by sex interaction in F3 mouse brains. Although no significance In an earlier report from our laboratory, we noted a decrease in BPA-exposed F1 and F3 embryo (day 18.5) whole brains for AVP mRNA compared with controls (14) . The fact that we did not find this in F3 brains using ICC is probably due to differences in the age of the animals and/or use of whole brains for mRNA. Because Avp is only produced in a small subset of neurons, use of whole brain dilutes the effects of BPA in small cell populations. To our knowledge, ours is the first examination of actions of BPA in F1 and F3 brains in these classically sexually differentiated regions in the AVP circuit. This circuit plays an important part in mediating social behaviors, especially social recognition. Differences in AVP synthesis and release could cause deficits in these behaviors, and we have found differences in social recognition in F1 and F3 juvenile mice exposed to BPA (14, 31) . In both generations of BPA mice, habituation to the same female over repeated presentations takes longer than for control mice. This may be attributed to enhanced activity in the BPA-exposed mice; movement in the open field is elevated in male F3 BPA lineage mice compared with controls (31) . The other aspect of social recognition we measured is dishabituation, in which a unique female replaces the familiar female after a series of 8 trials. F3 BPA lineage mice fail to display dishabituation. It is possible that this effect in females is produced by the drop in ERa cells we found in BNST. Of note, olfactory discrimination is normal in the BPA lineage F3 mice of both sexes (31) .
Interactions between sex and diet were noted in ERa cell numbers in the VMH of F1 mice. BPA exposure in utero increased ERa-ir cell number in males, although it caused a decrease in females, and this eliminated the sex difference in the BPA-exposed mice. In our previous study, embryo brains of both sexes exposed to BPA had less Esr1 mRNA compared with controls (14) . In rats, pre-and postnatal treatment (to dams and pups) with 17-ethinylestradiol or BPA (25 mg/kg body weight daily) increased Esr1 mRNA in the VMH in both sexes (17) , whereas two other doses of BPA given for the first 3 days after birth had no impact on Esr1 mRNA in the VMH (32) . When rats were treated around the time of puberty with 40mg/kg body weight of BPA, an increase in ERa cell numbers was noted in the female VMH. A high dose of BPA for 2 days after birth had no effect on ERa cells in the AVPV (33) . The pattern we noted in the VMH, whereby a sex difference was present in ERa-ir in control mice but was eliminated in the BPA-treated animals, is caused by data from both sexes moving toward the mean. This same pattern has been noted by others (10, 17, 24) and for some sexually dimorphic behavioral effects of BPA exposure during development in mice and monkeys (34-36). The press.endocrine.org/journal/endobehavior most closely identified with estrogen receptors in the VMH is female sexual receptivity. Female C57BL/6J mice treated during the first 2 weeks of gestation with BPA (by gavage to dams) have elevated sexual receptivity compared with controls. Using a different antibody than the one used here, these authors did not find differences in ERa cell counts in the VMH of mice euthanized during diestrous (37) . In sum, our behavioral studies show robust and replicable transgenerational effects of BPA on social interactions (14, 31). Short-term changes in behavior may be mediated by BPA's actions on AVP and ERa, transgenerational changes may be attributed to ERa. Our data further show that precise populations of neurons must be examined to pinpoint the specific actions of BPA. Use of whole brain, or gross dissections of large regions, may mask these effects. This is an important point, as some epigenetic methods require more tissue than small areas (like the BNST) provide and thus may miss some of the most important aspects of transgenerational actions of BPA. As new methods are becoming available, these may be used to shed light on the epigenetics responsible for the actions of endocrine-disrupting compounds on behavior. For the VMH, n = 2 for control males and n = 4 for BPA males and control females. An asterisk signifies significant effect of sex in all regions; females had more immunoreactive cells than males (P , 0.05). A pound sign signifies significant interaction produced by differences in ERa cell numbers in BPA-exposed versus control females (P , 0.05).
